Magnetic resonance technique may successfully be applied to determine some basic parameters such as g-factor, magnetization Ms or anisotropy energy constant Kui n t h i n m a g n e t i c f r l m s . T h e s e p a r a m e t e r s a r e o b t a i n e d f r o m a ferromagnetic resonance experiment when uniform precession of M$st a k e s place. From spin-wave resonance one may extract very valuable information on the exchange constant A or the surface conditions characterized by the surface anisotropy energy (or pinning parameters p). In fact, it is only spin-wave resonance or similar techniques which allow for measurements of A, p or the coupling constant Kc between ferromagnetic sublayers in multilayered structure. The magnetic phase diagram, temperature dependence of the spin-waves stiffness constant, and the anisotropy energy constant may also be listed as 1ess common examples of spin-wave resonance technique application for the investigation of thin films. This paper presents a theoretical approach to typical examples of experimental results and their interpretation from spin-wave resonance measurements.
IntroductiOn
In this paper we intend to illustrate what information about the material constants may be obtained from a magnetic resonance experiment. This is a vast subject and within the scope of this article we would only provide some selected examples, and by no means a complete review of what has been done. Ferromagnetic Resonance (FMR) and Spin-Wave Resonance (SWR) may be useful for investigation of some properties of magnetic materials. We speak about FMR when a uniform precession of magnetization takes place. SWR occurs if a wave vector k of the dynamic component of the magnetization differs from zero. One can distinguish the two cases experimentally for different resonance spectra observed. In FMR case only a single line is expected while in SWR we get a sequence of several lines of different intensities. It is the set of pinning parameters p1 , p2 on both surfaces of a film which controls the spectra. FMR corresponds to the limit of vanishing p's. In the standard approach p K., the surface anisotropy constant, and so FMR is expected for samples with no surface anisotropy. SWR may be considered as a more general case of p≠ 0 a n d k ≠ 0 . T h u s p i c k i n g o u t s a m p l e s with a single line only (or deliberately influencing surface conditions of samples, if we can) we may select thin films of FMR.
The saturation magnetization Ms , g-factor, and bulk anisotropy are examples of parameters which can be obtained from FMR. The surface anisotropy constant Ks and exchange constant A are obtained from SWR measurements. The parameters are fitted from the predicted spectra and so theoretical models employed for interpretation of the experiment would also briefly be discussed in this paper.
The resonance takes place when the microwave frequency ω matches eigenfrequencies of normal magnetic excitations of the system. The frequencies of the normal modes may be altered by the value of external magnetic field H or its direction θH with respect to z-axis usually defined along the normal to the film. We observe the resonance as a rapid absorption of power by the sample placed in the microwave cavity when H is scanned. The spectra are described by the intensity I n (θH ) of n-th mode and its position Hn(θH). We consider the limit of no energy dissipation when the linewidth ∆n tends to zero. This means, for example, that we ignore eddy current losses assuming isolating films, or at least the thickness L being small enough to neglect this current. The sample must be uniform and its dimensions in the x-and y-directions must be much larger than L. We then may consider the film as infinite in x-y plane. These and other approximations are sometimes well justifled, in some cases they are just necessary to make the model mathematically treatable. In this paper we adopt all these simplifications, mainly to keep along the main line to illustrate how the SWR technique may be applied for material science. The next Section is devoted to the standard surface anisotropy model. Section 3 presents some experimental results of temperature dependence of Ms , A and the spin-wave stiffness constant D measured by means of SWR.
So far we have discussed single films which are homogeneous in the volume of the film, apart from the very surface which is described by extra surface anisotropy terms. In real samples, however, we expect a distribution of some ma-terial constants, such as Ms , either across the film plane (due to the geometry of the film growing technique) or along the normal to the film (diffusion processes, temperature gradient during deposition). These aspects are very important, but they will not be discussed here for they are not in the main scope of this paper. We only briefly mention multilayer stuctures which, in a sense, are also non-homogeneous. A multilayer film is a sequence of a few ferromagnetic layers separated by a non-magnetic medium. Recently, coupled films in the multilayered stucture are of current interest for several reasons. The interaction between layers and specific properties of interfaces alter both static and dynamic behaviour of thin films. The interaction which couples the ferromagnetic sublayers in the multilayered film separated by a non-magnetic medium (or sometimes by another ferromagnetic substance) is of major concern and may be described in terms of the effective anisotropy field Heff or the coupling constant Kc evaluated from the interaction coupling between the ferromagnetic sublayers. Some experimental data on the multilayered structure are also presented in Sect. 3.
Theoretical background
We apply the classical equation of motion for spins in ferromagnetically ordered substances to get the dispersion relation between the resonance field H applied at the angle θH and the wave vector k. The dispersion relation reads [1] :
where θ and φ are the angles of magnetization Ms in the spherical coordinate system, v = ω/2π is the microwave frequency, γ is the giromagnetic factor and A -the exchange constant. The magnetic anisotropy energy E( φ , θ) depends on the direction of static magnetization Ms and consists of the energy of the magnetic field applied at the angle θH in y-z plane, the demagnetization energy and uniaxial anisotropy term Eu = K sin2θ , w h e r e K i s t h e v o l u m e a n i s o t r o p y e n e r g y c o n s t a n t . The magnetization angle θ can be obtained from the static equilibrium condition ∂ E / ∂ φ = 0 and ∂E/8θ = 0, from which φ = π/2 and For the three energy terms assumed in E(φ, θ), the dispersion relation (1) becomes We get for the perpendicular geometry (when θ = θH = 0) and for FMR (uniform mode, k = 0)
In the parallel case when θ = θH = 90° and for k = 0 we have Equations (5, 6) may be used to determine the g-factor and Beff from FMR experiment, which is 4πMs for the case of no uniaxial volume anisotropy when K = 0, see Eq. (3). If Ms is known from independent measurements, we can find the bulk anisotropy constant K.
The exchange constant A may be found from the spin-wave resonance spectra in the perpendicular case:
if the lines positions (Hn┴ ) a n d c o r r e s p o n d i n g w a v e v e c t o r sk n o f t h e m o d e s a r e known. The allowed values kn may be calculated from the surface inhomogeneity models [1, 2] . For example, in the limiting case of strongly pinned spins on both surfaces one gets k n π / L ( 9 ) where n = 1, 3, 5, ... for the permissible in this case odd modes and L is the film thickness. The dispersion law (8) predicts then a linear dependence of resonance fields (Hn┴ ) o n t h e s q u a r e o f t h e m o d e n u m b e r n2 a n d w e m a y f i n d t h e e x c h a n g e constant A from the slope of this linear dependence.
In general, finding the allowed values kn of the wave vector is a bit more complex. Formula (9) comes from the equation of motion when it is applied to the surface spins. Such spins experience different exchange energies (lack of some neighbours) and an extra torque due to the surface anisotropy Ks (or the pinning parameter p KO. From the equation of motion one gets a set of 4 x 4 linear and uniform algebraic equations [1] for the dynamic magnetization m(k). A non-zero solution exists only if the determinant vanishes. While scanning the applied field H one obtains the resonance fields Hn for any θ H a n d t h e d y n a m i c m a g n e t i z a t i o n m is then given except for an arbitrary multiplication factor. The intensity is given by [1] :
where mφ and m1 are the spherical components of the dynamic microwave magnetization. In is dimensionless and normalized to unity for the ferromagnetic (uniform) mode in the perpendicular resonance. It is seen that the arbitrary multiplication factor is irrelevant.
This completes the basic theoretical approach to SWR. For a given angle θH of an applied magnetic field and assumed pinnings p1, p2 one gets the spectra: the mode labels n, the position of the lines H n and their intensities In . Fitting Hn and In to the experiment, we expect to find the surface pinnings p1, p2 from which some information may be extracted about the surface conditions.
It may happen that the zero of the determinant, leading to Eq. (9), does no longer exist for θH above some value θ 0 . This means that we do not have that n-th mode any longer. We speak about the critical angle θ0 . There is another critical angle θc at which In = 0. This is so when the nominator in Eq. (10) Both the position and intensity of SWR are sensitive to the surface conditions (especially near the critical angles) characterized by the pinning parameters p. In fact, the pinning parameter is set up of two contributions coming from the surface anisotropy Ks and the variation of static magnetization Ms near the surface. In the circular precession approximation the pinning parameter is [3, 9] :
where OMs is the directional derivative of magnetization M s near the surface. Due to different angular dependence we can, in principle, distinguish the two contributions experimentally. The dependence of the microwave magnetization m across the normal to the film shows that the modes are distributed in the volume of the sample, we call them volume modes. However, some of the solutions may correspond to negative k 2 which describes a surface mode since dynamic magnetization m is then exponentially damped when moving off the film surface. Such modes are excited close to the surface of the thin film and, in general, may be provoked not only by negative pinning but also by the state of interfaces in multilayered structures, close-tothe-surface inhomogeneities of the magnetization and/or internal fields. The surface modes are always in the magnetic field range above the uniform mode resonance field Hu. The intensity of surface modes is usually smaller than the corresponding intensity of the uniform mode [5, 6] . The surface modes offer an alternative way of determination of surface anisotropy. In the limit of strong symmetrical negative pinning we get for the allowed wave vector of the surface mode k = -p2 and then the dispersion relation (4) may be rewritten in the form more convenient for the interpretation of the experiment [3, 7] :
The left hand side of Eq. (13) is known: the resonance field Hsa n d d i r e c t i o n of this field θH from the direct measurements, the position Hu is calculated for FMR mode and the magnetization angle θ is given from the equilibrium condition (2). Thus plotting the left hand side of Eq. (13) against cos 2θ we expect a linear dependence with the slope proportional to |Ks| and the non-zero free term if there is non-vanishing ∂nMsc o n t r i b u t i o n . T h e p l o t m a y b e o b t a i n e d f o r t h e a n g l e s u p t o a critical value at θH = θ c
w h e n t h e i n t e n s i t i e s o f t h e s u r f a c e m o d e v a n i s h o r t h e position of Huc o i n c i d e s w i t h t h e p o s i t i o n o fH s , H s = H u . O f c o u r s e , t h e d e s c r i b e d method for determination of
Ks is only effective when the basic parameters of the sample Ms, A or g-factor have been already known.
Recently there is a growing interest in multilayer films [8] [9] [10] [11] [12] [13] that are a sequence of magnetic sublayers separated with non-magnetic ones. The magnetic layers are coupled through a non-magnetic medium and the problem of origin of the coupling, possible mechanisms and dependence of the coupling strength on the non-magnetic medium thickness are of extreme interest [11, 12] . In a simplified approach the multilayer structure may be simulated while adding the extra anisotropy energy term [8, 14] , then the described mathematical treatment may be applied for the multilayered films. This is a rough yet satisfactory approximation for the purpose of this paper.
Experiment
As we mentioned earlier, in the standard approach ∂nMs 0 and then c = 45° gives p = 0, so that the intensity, apart from the uniform mode, vanishes.
However, the observed values [3, 7, [15] [16] of the critical angles are different from 45°. This implies that either ∂ n M s ≠ 0 i n E q . ( 1 2 ) , a s i t w a s c o n c l u d e d i n [ 3 ] , or the circular precession approximation is not valid [1, 17] . It comes out from calculations that the modes may disappear in pairs [17] . In the papers [18, 19] the authors scanned very carefully a rich SWR spectrum from the perpendicular to the parallel resonance. They observed as many as 11 lines. Moving off perpendicular orientation modes 11 and 10 vanished, then the pair 9 and 8 was missing followed by 7 and 6 until fmally only 2 lines were left in the parallel case. The other type of the critical angle for which the mode reappears, see Eq. (11), is also reported in the experiment; Hoffman [16] observed a quadratic dependence of the intensities I (θ -θc)2 near the critical angle θc as it is expected.
The critical angles and SWR spectra near these angles are sensitive to the surface conditions described by the surface anisotropy constant Ks or gradient of the static magnetization Ms [20] . Making use of the formula (13) , not only the critical angles but also the anisotropy constants Ksi n s o m e G d C o M o f i l m s [ 3 , 7 ] were found from the surface mode position near the critical angles. If we do not have the surface modes, we still may get some information on the values of Ks from the volume modes, usually by fitting to the experiment the observed ratio of the mode intensities.
The bulk or volume modes are more often used for finding the exchange constant A, the crucial parameter in magnetic materials. This is done from the slope of the predicted linear dependence, Eqs. (8, 9) , of the resonance field in the perpendicular resonance on n 2 , providing that Msi s k n o w n . I n t h e f i r s t s t a g e , w e must confirm that the dependence is linear. Equation (9) holds only in the limit of large pinning parameter or for big n. So A is found from the slope for higher modes, low-lying modes may deviate from the linear law. (Actually, this is due to the deviation that we may evaluate the surface constant Ks.) For example, this is how A was determined in some FeBSi films in the paper [10] .
The just discussed linear dependence of the resonance field H vs. n 2 for larger n assumes that the sample is homogeneous. In amorphous substances, however, topological disorder must lead to some spatial fluctuations of the local stuctural or magnetic parameters such as the (volume) magnetic anisotropy, magnetization Ms or exchange constant A. These fluctuations alters the dispersion relation so that H is no longer linear against n 2 even for big n and the deviations are characteristic for each of the fluctuating parameters. This offers a tool to find out which fluctuations take place, their correlation lengths and amplitudes. An example of experimental study in that direction may be found in [21] for amorphous FeB and GdCoMo samples.
As it was discussed in the last Section, we may also determine the magnetization Ms from the magnetic resonance experiment. The temperature dependence Ms(T) in amorphous FeB and GdCoMo samples [21] and in magnetic semiconduction CdCr2Se4 [22, 23] proved that the spin-wave theory T 3 / 2 law is nicely followed. The stiffness constant D T5/ 2 law was confirmed in [21] .
In the paper [24] , the effective coupling constant Kcb e t w e e n f e r r o m a g n e t i c sublayers was found as a function of the thickness t of the non-magnetic medium and the number of non-magnetic layers in the multilayered structure of FeBSi/Si and FeBSi/Pt. The surface energy anisotropy constant was also determined for FeBSi/Pt films. An additional anisotropy field of the effective coupling was found of easy-plane-type in the case of Si as the non-magnetic medium for t greater than 1.5 nm. For Pt, the effective field exhibits an easy-axis anisotropy along the normal to the film and the surface anisotropy constant varies from sample to sample in the range from 0.2 to 0.6 erg/cm2 . A weak t-dependence of the surface anisotropy field was also observed. The saturation magnetization Ms, exchange constant A and g-factor were determined from FMR and the spin-wave resonance experiment on single FeBSi films of the same composition as corresponding multilayer samples.
Conclusions
The ferromagnetic resonance and spin-wave resonance may be a useful tool for getting information about some material constants in thin films and about surface conditions. From FMR resonance fields in the perpendicular and parallel orientations one gets g-factor and magnetization M., if the volume anisotropy constant is known. SWR provides some data on the exchange constant A or the surface conditions characterized by the surface anisotropy K. or static magnetization gradient at the surface ∂nMs. The position of the resonance fields and especially the intensities of the modes are very sensitive to the surface conditions. In general, the surface anisotropy Ks and the gradient ∂nMs may equally contribute to the pinning and, therefore, they both should be taken into account. Calculations based on the circular precession approximation are acceptable only in the limit of small pinning or close to the perpendicular resonance. The temperature dependence of Ms, spin-wave stiffness constant or magnetic phase diagram may be analyzed by the resonance technique. The dispersion relation for spin waves may be experimentally confirmed, for non-uniform samples we can sometimes extract some information on the character, amplitude and correlation length of the stochastic fluctuation of material parameters. In most cases the majority of lines, in a rich spectum for the perpendicular case, vanishes for θH only up to only a few degrees. High accuracy of about 0.1 degree for sample orientation is required to experimentally investigate the transition and behaviour of modes intensities and resonance fields close to the critical angles.
In the multilayered structures we may measure the coupling constant Kc between ferromagnetic layers. When the position of the resonance peak for the multilayered stucture is compared with the line position of a single film, the difference may be accounted for by the coupling field comprising contributions of different origin. For example, we may investigate this coupling as a function of temperature, thickness of the non-magnetic layer or against the number of the layers to find the dominant source for the coupling or a sort of competition of two or more mechanisms. If we choose different non-magnetic media, we may vary the conditions or stresses on the interfaces, or we may activate different sources of the coupling. Pt for example is close to ferromagnetism and so it should produce larger critical thickness above which the coupling is broken.
We may finally conclude that some essential magnetic properties may be studied by means of the resonance experiment.
